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E
xertional dyspnea may be caused by cardiac and noncardiac disorders. Among the cardiovascular causes, heart failure with preserved ejection fraction (HFpEF) is an increasingly common one characterized by pathological increases in cardiac filling pressures at rest or with exertion. [1] [2] [3] [4] [5] [6] Decompensated patients with HFpEF typically display overt congestion on physical examination and chest radiography, and in this setting, the diagnosis is straightforward. However, compensated, euvolemic patients presenting with exertional dyspnea in the absence of overt clinical, radiographic, or biomarker evidence of congestion present a greater diagnostic challenge.
The reference standard to diagnose HFpEF in these patients is right-sided heart catheterization followed by invasive exercise testing if resting intracardiac pressures are normal. [7] [8] [9] [10] Because of its invasive nature, technical complexity, and cost, this test is impractical for routine evaluation but is more logically reserved for situations in which diagnosis remains uncertain after less invasive test results are equivocal. 7 To make this determination, the probability of disease must first be estimated, allowing clinicians to decide whether disease is likely present or absent or intermediate, in which case more definitive testing is required. Currently, no data are available to guide this sort of Bayesian approach to the evaluation of unexplained dyspnea.
To fill this gap, we evaluated clinical data from consecutive patients in whom the diagnosis of HFpEF or a noncardiac cause of dyspnea was ascertained conclusively by invasive exercise testing to develop a scoring system that could be used in the diagnostic evaluation of HFpEF. We then validated this new scoring system in a separate cohort.
METHODS
This was a retrospective analysis of all consecutive patients undergoing invasive exercise testing for the evaluation of unexplained dyspnea between 2006 and 2016 at the Mayo Clinic in Rochester, MN. The data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. Exclusion criteria included ejection fraction <50% (current or prior), significant valvular heart disease (greater than mild stenosis, greater than moderate regurgitation), pulmonary arterial hypertension, constrictive pericarditis, primary cardiomyopathies, or heart transplantation. All patients referred for hemodynamic catheterization were evaluated by Mayo Clinic staff cardiologists and concluded to have dyspnea not explainable by pulmonary disease on the basis of evaluations performed at the discretion of the referring physicians.
Patients with HFpEF were identified by elevated pulmonary capillary wedge pressure at rest (≥15 mm Hg) or during exercise (≥25 mm Hg). 7, 8 Noncardiac dyspnea was defined as no evidence of a cardiac cause for dyspnea after exhaustive clinical evaluation, including normal rest and exercise hemodynamics. Data included in the study were authorized by the patient for use in research with informed consent, and the study was approved by the Mayo Clinic Institutional Review Board.
Clinical Evaluation
All patients were evaluated by a board-certified cardiologist. Medical history was determined from detailed manual chart review by 2 independent observers (Y.N.V.R. and M.O. with discrepancies arbitrated by B.A.B.). Hypertension was defined by treatment with antihypertensive medications, and the number of antihypertensive medications was quantified for each patient. Atrial fibrillation was determined from clinical history and ECG. Diabetes mellitus was defined by treatment with antidiabetic medications, fasting plasma glucose ≥126 mg/ dL, or a hemoglobin A 1c ≥6.5 mg/dL. Prediabetes was defined as fasting plasma glucose between 100 and 126 mg/dL or a hemoglobin A 1c between 5.7 and 6.5 mg/dL. Laboratory values, including hemoglobin and creatinine, were obtained on the day of catheterization. NT-proBNP (N-terminal pro-B-type natriuretic peptide) levels were obtained from samples drawn within 3 months of the assessment. Echocardiography was performed according to American Society of Echocardiography guidelines and interpreted by Mayo Clinic staff cardiologists.
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Details of the echocardiographic measurements performed are included in the online-only Data Supplement.
Ascertainment of Diagnosis
Subjects were studied on long-term medications in the fasted state and supine position using high-fidelity micromanometer catheters and directly measured O 2 consumption at rest and during supine cycle ergometry exercise to exhaustion, as previously described. 7, 8 Pressures in the right atrium, pulmonary artery, and pulmonary artery wedge positions were measured at end expiration from electronically stored continuous recordings of pressure tracings digitized at 240 Hz. Systemic and mixed venous O 2 content were determined by blood sampling. Cardiac output was determined by the Fick method.
Clinical Perspective
What Is New?
• We show, using simple, universally available clinical and echocardiographic characteristics, that the probability that heart failure with preserved ejection fraction is present can be accurately estimated in the patient presenting with unexplained exertional dyspnea.
What Are the Clinical Implications?
• The H 2 FPEF score enables providers and patients to estimate the probability of underlying heart failure with preserved ejection fraction.
• This allows more informed decision-making about the likelihood of disease and thus the yield of additional testing to confirm or refute the diagnosis in a Bayesian approach.
Statistical Analysis
Data are reported as mean and SD or median (25th-75th interquartile range). The χ 2 , Wilcoxon rank-sum, or t test was used as appropriate to examine differences between cases with HFpEF and controls. Before the development of the final models, data in the development cohort were imputed with random forest imputation (missForest package version 1.4). 12 Two modeling strategies were considered. The primary analysis plans were to develop a multivariable logistic regression model that could be summarized with a simple additive score based on prior knowledge of HFpEF pathophysiology while allowing categorization of variables to be considered in the modeling process. 13 As an alternative to address the limitations of variable categorization, a model consisting of only continuous variables was also estimated. Second, 2 agnostic supplemental models were built as sensitivity analyses: (1) a classification and regression tree (CART) model to enable easier graphical representation with inclusion of higher-order interaction terms that would be complex to represent with the additive score, and (2) a fully agnostic multivariable logistic model.
Predictors for HFpEF were first analyzed with simple logistic regression to identify candidate variables that were significantly associated with disease status. For ease of clinical use, continuous variables that were significant were dichotomized with receiver-operating characteristic curves to identify optimal cut points for discrimination, which were rounded to the nearest clinically significant integer when applicable. Next, significant variables (P<0.05) were entered into multivariable logistic regression models to determine a final model. Obesity 14, 15 and atrial fibrillation 16, 17 are known to be important in HFpEF pathogenesis, and these variables were a priori forced into the model. Additional variables that were significant on univariable analysis were added, with care taken to avoid clinically relevant collinearity. Once the full multivariable model was created, stepwise backward elimination was performed with the least significant variable removed 1 variable at a time, until all included model variables were statistically significant. A noninvasive prediction score was created with the variables and strength of association by β coefficients, as previously described. 13 In addition to the points-based score, a continuous model was built with the same variables.
Using this prediction score on a continuous scale, we then evaluated its diagnostic performance by the area under the receiver-operating characteristic curve (AUC), or c statistic. To evaluate the likelihood of the model to generalize to a new sample, Harrell optimism was calculated with 1000 bootstrap replicates, 18 and to evaluate incremental discrimination beyond existing criteria, we compared the AUCs from our derived scoring system with the current and prior consensus algorithms endorsed by the European Society of Cardiology guidelines ( Figure I in the online-only Data Supplement) using the DeLong test. 5 Calibration of the predicted probabilities with the empirical probabilities for HFpEF was assessed with the Hosmer-Lemeshow goodness-of-fit test.
Two completely agnostic models were built as a sensitivity analysis. First, an agnostic multivariable logistic model included all significant predictors of HFpEF on univariable analysis, with stepwise backward regression using a probability to leave of 0.05. Second, random forest classifiers were constructed with the full list of candidate predictors in the development data to develop a CART model. Variable importance plots were used to begin subsetting the number of variables. The subset of variables was then used to train a CART model with the rpart package in R under the default tuning configuration. Both the resulting CART model and the prediction score were validated on an independent test cohort from patients. All tests were 2-sided, with a value of P<0.05 considered significant. Analyses were performed with JMP 13.0.0 (SAS Institute, Cary, NC) and R 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Patients with HFpEF (n=267) were older and had higher body mass index and more hypertension, glucose intolerance, atrial fibrillation, NT-proBNP elevation, and renal dysfunction compared with patients with noncardiac causes of dyspnea (n=147; Table 1 ). They were more likely to have a pacemaker; QRS, QTc, and PR interval prolongation on ECG; and cardiomegaly on chest radiography. Two thirds of patients came from local practices served by the Mayo Clinic (n=273, 66%), with the remainder referred from tertiary academic centers. Of patients found to have HFpEF, 45% (n=121) displayed elevation in filling pressures only during exercise (earlystage HFpEF).
Transthoracic echocardiography revealed that patients with HFpEF were more likely to have diastolic dysfunction, with higher noninvasive estimates of filling pressure (higher E/e' ratio). Although the ejection fraction was similar, patients with HFpEF had subtle impairment in systolic function as evidenced by lower global longitudinal strain (Table 1) . Estimated pulmonary artery pressure was higher and right ventricular dysfunction and dilatation were more common in HFpEF. Although group differences for many variables were highly significant, there was a substantial degree of overlap between the 2 groups (Table 1) .
At cardiac catheterization, patients with HFpEF displayed higher ventricular filling pressures and pulmonary artery pressures and lower cardiac output compared with patients with noncardiac dyspnea, as expected (Table I in 
Univariable Predictors of HFpEF
Clinical, demographic, and echocardiographic criteria were evaluated as predictors of HFpEF in isolation ( Table 2 and Table II in the online-only Data Supplement). Certain variables were highly specific for the presence of HFpEF, including grade II obesity (body mass index >35 kg/m 2 ; specificity, 88%), chronic kidney disease (≥stage 3, 90%), atrial fibrillation (96%), diabetes mellitus (88%), the presence of a pacemaker (99%), cardiomegaly on chest film (96%), mildly depressed ejection fraction of 50% to 54% (96%), E/e' >14 (89%), pulmonary artery systolic pressure >35 mm Hg (86%), NT-proBNP >450 pg/mL (85%), and the presence of right ventricular dysfunction.
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Derivation of the H 2 FPEF Score
The variables identified through univariable screening were entered into a multivariable model (Table 3) . Obesity (body mass index >30 kg/m 2 ), atrial fibrillation, age >60 years, treatment with ≥2 antihypertensive drugs, E/e' >9, and pulmonary artery systolic pressure >35 mm Hg were associated with HFpEF in combination (all P<0.05). A score was assigned to these 6 variables based on strength of association in logistic regression with HFpEF (atrial fibrillation, 3 points; obesity, 2 points; others, 1 each), creating an H 2 FPEF score (heavy, 2 or more hypertensive drugs, atrial fibrillation, pulmonary hypertension [pulmonary artery systolic pressure>35 mm Hg], elder age>60, elevated filling pressures [E/e'>9]) ranging from 0 to 9 (Figure 1, top) . The probability of HFpEF increased with increasing H 2 FPEF score ( Figure 1 , bottom). Model-based probabilities closely matched the observed prevalence for each given score value, indicating good calibration (Figure 2 ).
The odds of having HFpEF increased by a factor of 2 for every 1-unit increase in the score (odds ratio, (Table 3) .
Because the points-based score can result in loss of information as a result of dichotomization, we also evaluated the H 2 FPEF score on a continual scale Values represent mean ± standard deviation. e' Indicates septal mitral annulus tissue relaxation velocity in early diastole; E/e', ratio of early diastolic mitral inflow velocity to septal mitral annulus tissue relaxation velocity; HFpEF, heart failure with preserved ejection fraction; LA, left atrial; LV, left ventricle; NT-proBNP, N-terminal pro-B-type natriuretic peptide; RV, right ventricle, TAPSE, tricuspid annular plane systolic excursion; and TV, tricuspid valve. Cut points derived from receiver-operating curve analysis as shown in Table II in the online-only Data Supplement. AUC indicates area under the curve; e', septal mitral annulus tissue relaxation velocity in early diastole; E/e', ratio of early diastolic mitral inflow velocity to septal mitral annulus tissue relaxation velocity; HFpEF, heart failure with preserved ejection fraction; LA, left atrial; LV, left ventricular; NT-proBNP, N-terminal pro-B-type natriuretic peptide; OR, odds ratio; and RV, right ventricular.
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Sensitivity Analyses
The agnostic CART model used a more nuanced diagnostic scheme because it allows empirically determined thresholds and interactions based on patterns in the data. As a result, the CART was slightly more predictive than the logistic regression-derived H 2 FPEF score, with an AUC of 0.8831, an increase of 0.044 (P=0.002; Figure IV and Table III in the onlineonly Data Supplement). The agnostic logistic model based on automated stepwise backward selection of all predictors also verified discrimination similar to the H 2 FPEF score (AUC, 0.857) and included the same variables, except that right ventricular fractional area change supplanted pulmonary artery systolic pressure as being predictive in the final agnostic logistic model (Table IV in 
Validation in the Test Cohort
The test cohort included 100 consecutive patients (61 cases with HFpEF and 39 controls) whose baseline characteristics were similar to those of the derivation cohort (Table V in 
DISCUSSION
HFpEF accounts for half of heart failure hospitalizations, and in hospitalized patients, overt congestion is typically obvious from physical examination, chest radiography, and natriuretic peptide assays. 1 However, in outpatients with exertional dyspnea, overt congestion is often absent at rest, and the diagnosis may be challenging. 7, 8 Right-sided heart catheterization, with exercise if resting filling pressures are normal, is the gold standard for HFpEF diagnosis but is not universally available, and noninvasive estimates of cardiac filling pressures lack sensitivity. [1] [2] [3] [4] [5] [6] [7] [8] In this study, we derived and then validated a new score using clinical and echocardiographic variables that are widely available in clinical practice. In the derivation and test cohorts and in sensitivity analyses restricted to community-based patients and those with early-stage HFpEF, the H 2 FPEF score effectively discriminated patients with HFpEF from a comparator population of patients with exertional dyspnea that was not caused by heart failure, ascertained with the gold standard of invasive hemodynamic exercise testing. Inclusion AICc indicates Akaike information criterion, corrected; AUC, area under the curve; E/e', ratio of early diastolic mitral inflow velocity to septal mitral annulus tissue relaxation velocity; HFpEF, heart failure with preserved ejection fraction; LA, left atrial; NT-proBNP, N-terminal pro-B-type natriuretic peptide; and OR, odds ratio. The Hosmer-Lemeshow goodness-of-fit test results using deciles of predicted probabilities were P=0.14, 0.53, and 0.18 for the derivation, validation, and pooled overall sample, respectively, indicating support for a properly calibrated model. HFpEF indicates heart failure with preserved ejection fraction.
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Diagnostic algorithms for HFpEF used in practice and for entry into clinical trials are based on expert consensus opinion. 4, 5 When these criteria were prospectively evaluated, specificity was robust but sensitivity was poor. 7 Therefore, HFpEF remains underdiagnosed in the community. In recent years, there has been increased use of invasive cardiopulmonary exercise testing to evaluate patients with exertional dyspnea, which is the gold standard to establish or refute the diagnosis of HFpEF. [7] [8] [9] [10] Although this definitive approach has been shown to be cost-effective and safe, 19 its uniform application is not practical for all diagnostic evaluations, given the enormous number of patients in the community presenting with exertional dyspnea.
By establishing the probability of disease, the H 2 F-PEF score may be used to effectively rule out disease among patients with low scores (eg, 0 or 1), to establish the diagnosis with reasonably high confidence at higher scores (eg, 6-9), and to identify patients for whom additional testing is needed with intermediate scores (eg, 2-5). Rather than forcing a probabilistic diagnosis (HFpEF) into binary categories (present or absent), this Bayesian approach provides a framework that can be used to determine whether there is sufficient confidence in the working diagnosis or whether further evaluation is necessary based on the identified probability of disease. This system could be readily applied for diagnostic purposes in clinical care and research settings to help refine enrollment criteria for clinical trials. Although the categorical H 2 FPEF score is easily calculated even at the bedside to rapidly estimate low or high probability of HFpEF, the more complex continual HFpEF calculator (online-only Data Supplement) can also be used to provide a more precise estimate of the probability of HFpEF in an individual when required for clinical use or in screening or research settings.
Selection of the Final Model
In this analysis, we examined complementary modeling strategies that strove to balance parsimony, ease of calculation, and discriminatory capabilities. Although we also considered more complex machine learning approaches, we finalized our models using multiple logistic regression analysis and the agnostic CART. Many of the candidate variables for the models were highly collinear, so multiple sets of variables were often found to be equally discriminatory. The final model reflected a combination of variables selected a priori because of their central role in HFpEF pathogenesis (eg, obesity and atrial fibrillation), as well as stepwise multivariable regression with systematic backward elimination to include only variables that were independently predictive of HFpEF in combination. This yielded the components of our final H 2 FPEF score.
Sensitivity analyses using purely agnostic methods, including an unbiased logistic model, yielded nearly identical results, apart from the inclusion of right ventricular fractional area change in place of pulmonary artery systolic pressure (Table IV in the online-only Data Supplement). Because right ventricular fractional area change (a measure of right ventricular function) varies inversely with pulmonary artery pressure, 20 it is not surprising that both measures can discriminate HFpEF from noncardiac dyspnea. Because estimated pulmonary artery systolic pressure is a well-established marker of HFpEF 21 and is more commonly measured in practice, we chose to include it in the final model rather than right ventricular fractional area change, which is not part of the routine clinical echocardiogram in many centers.
The lack of a particular variable in the final model, such as NT-proBNP, should not be interpreted as revealing a lack of association with HFpEF. Rather, our data suggest that NT-proBNP may not add incremental information to clinical variables and echocardiography in diagnosing HFpEF among patients with unexplained dyspnea. This is in contrast to patients presenting with acute dyspnea that is present at rest, for which the diagnostic performance of the natriuretic peptides is well established. 22, 23 Although the discrimination of cases and controls was slightly improved with the CART model and the continuous HFpEF score model, the differences were minor, and we propose that the simplicity of the H 2 FPEF score system outweighs this difference because it improves the feasibility of applying this approach in everyday practice. However, if precise estimation of an individual patient's probability of underlying HFpEF is to be calculated, the more complex continuous variable version of the HFpEF score from our online calculator can be applied.
Association of Comorbidities With HFpEF
HFpEF is currently believed to be a systemic disorder driven in large part by comorbidities. 2, 3 We observed that 2 comorbidities, obesity and atrial fibrillation, independently increase the probability that HFpEF is present. Severe hypertension identified by treatment with ≥2 antihypertensive drugs was another independent predictor. Diabetes mellitus is common in HFpEF, seen in 30% to 40%, 24 but the presence of abnormal glucose tolerance did not add incremental diagnostic value beyond obesity alone, supporting the emerging evidence of the importance of obesity as a cause of HFpEF.
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Limitations
NT-proBNP data were missing at random in 24% of patients because some cardiologists did not obtain this laboratory value during their evaluation. Therefore, imputation was performed to account for the missing data, which ORIGINAL RESEARCH ARTICLE may have affected the inclusion of NT-proBNP in the final model. However, a sensitivity analysis yielded similar results in the 76% of patients who had directly measured NT-proBNP, increasing our confidence in the imputationderived values. This study was single-center, limiting its generalizability. There is referral bias in that all patients were referred for invasive testing, which may have inflated the prevalence of HFpEF. However, this analysis would not have been possible without the use of a gold standard assessment. Although this study was performed in a tertiary referral center, our practice also serves the local population, and sensitivity analysis restricted to local patients revealed that the H 2 FPEF score performed similarly well in this subset (AUC, 0.841), increasing confidence in the generalizability of our results. Although discrimination was maintained in our separate validation cohort, external validation was not performed, and replication in other centers is necessary. Physical examination findings were not included in the models because there may be variability in examination skill and interpretation 25 and because overt congestion was absent in the patients included in this study, who were deemed to have indeterminate dyspnea after thorough evaluation by board-certified cardiologists on the basis of history, physical examination, and echocardiography. Therefore, the present results may not apply to patients with more frank evidence of tissue congestion, in whom testing beyond the history and physical examination may not be necessary to diagnose HFpEF. Assessment for lung disease was performed at the discretion of referring physicians and was not done in all patients. However, this reflects practice in the community, and the presence or absence of pulmonary disease is not relevant to the primary study goal of discriminating cardiac dyspnea (HFpEF) and noncardiac dyspnea.
CONCLUSIONS
The H 2 FPEF score, which uses 6 clinical and echocardiographic characteristics that are universally obtained in the evaluation of patients with unexplained exertional dyspnea, enables robust discrimination of HFpEF from noncardiac causes of dyspnea at low and high scores while identifying patients at intermediate probability in whom additional testing is needed to refine the diagnosis.
